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NATIONAL ADVISORY COMMITTEE FCR AER0NAOTIC8 
RESEARCH MEMORANDUM 

AN ANALYTICAL METHOD FCR EVALUATING FACTORS AFFECTING APPLICATION 
OF TRANSPIRATION COOLING TO GAS TURBINE BLADES 
By Jack B. Esgar 


SUMMARY 

An. analytical investigation was conducted to provide a method for 
deter mining the cooling-air requirements for transpiration-cooled tur- 
bine stator and rotor blades for practically all engine and flight 
operating conditions, and the cooling-air requirements were evaluated 
for typical cases to determine trends that would be encountered for a 
wide range of variables. The cooling-air requirements and blade perme- 
abilities are affected by the gas temperature level, the pressure level, 
and the pressure distribution around the turbine blades. The tempera- 
ture and the pressures , in turn, vary with engine and flight operating 
conditions. Since the permeabilities around the blade periphery can he 
specified far only one set of design conditions, at off -design conditions 
same parts of the blade may have to he overcooled in order that other 
parts of the blade will be cooled adequately, with the result that an 
excessive amount of cooling air will he required at off -design condi- 
tions. By proper design procedures, however, the excess of cooling air 
required at off -design conditions can be minimized. For example, with a 
turbine-inlet tenperature of 1600° F, typical turbine stator and rotor 
blades designed to cool properly at sea level would require a combined 
coolant flow ratio of 0. 136 at an altitude of 50,000 feet as compared 
with tbfe ideal coolant flow ratio of 0.039 (resulting in an excess of 
about 250 percent) for cooling the blades to a maximum tenperature of 
1000° F. On the other hand, if the blade had been designed to cool 
properly at an altitude of 50,000 feet, the maximum excess of cooling 
air required at any other altitude would be about 60 percent. Multiple 
orifices at the blade base to partly meter the cooling air to local 
chordwise positions on the blade periphery would reduce the maximum 
excess in required coolant flow to less than ID percent. In addition to 
the improved cooling performance possible with this type of blade design, 
orifices at the blade base also permit the fabrication of transpiration- 
cooled blades that have a uniform permeability around the periphery, 
which will greatly simplify fabrication. The permeability range required 
for all types of transpiration-cooled gas-turbine blade can be obtained 
from, single thicknesses of brazed and cal e nd e red stainless -steel wire 
cloth. 
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The trends shown. In this report can probably be generalized for 
most engines, but because of the sensitivity of the coolant flow require- 
ments to blade design, any gn ginp design that will use transpiration- 
cooled turbine blades must have blades designed with consideration given 
to both the engine conditions and the type of flight plan to which it 
is anticipated the engine will be subjected. 


INTRODUCTION 

Transpiration cooling is the most effective air-cooling method 
known at present for surfaces that must be in. contact with high- 
temperature gas streams } consequently, research is being conducted to 
find methods of applying this cooling process to the stator end rotor 
blades of gas-turbine engines and to determine the effects of engine and 
flight operatin g c ondi tions on coolant requirements. A survey of some of 
the advantages and problems associated with transpiration cooling of 
gas-turbine engines is given in reference 1, and it is shown therein that 
hi gh pressure gradients around the periphery of gas-turbine blades 
require that the blade wall permeability be varied around the blade 
periphery in order for uniform cooling to be obtained over the entire 
blade surface. This fact is verified in experimental investigations of 
transpiration-cooled turbine blades mounted in a static cascade (refer- 
ences 2 and 3) where it is shown that although transpiration cooling 
results in extremely effective cooling in the midchord region of the 
blade, there are very large variations in the chordwise temperature dis- 
tribution because of Improper permeability variation. Reference 2 also 
shows that the temperature distribution changes drastically as the cool- 
ing flow rate is varied, particularly in the midchord region on opposite 
sides of the blade. The reason for thiB great change in temperature 
distribution is a change in the relative amounts of coolant metered 
through the opposite surfaces of the blade as the coo lin g supply pres- 
sure is varied. For porous walls the flow from the inner surface through 
the wall to the outer surface is a function of the difference of the 
squares of the absolute pressure levels on opposite sides of the wall, 
so that HTnfl.il changes in pressure level can often result in very large 
changes in coolant flow rate. 

Gas turbines for aircraft application must operate over a wide 
range of engine speed, flight speed, and altitude. The effect of each 
of these variables will be a variation in the pressure levels, and con- 
sequently the pressure distributions, around the outside of the turbine 
blades. Since the permeability of transpiration-cooled blades must be 
set to provide the proper cooling at some specified pressure distribu- 
tion, changes in altitude, flight speed, or engine speed can often cause 
the specified permeability to became inconsistent with the aerody n a m ic 
pressure distribution, . with the result that the blade will not be at a 
uniform temperature arid excess coolant flow may be required for some 
portions of the blade in order to obtain adequate cooling in the hottest 
portions . 
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A possible method of improving the off -design coolant flow require- 
ments in transpiration-cooled turbine blades is to provide multiple 
orifices at the blade base to partly meter the cooling air. orifice 

would be used to meter air to a particular location on the b lade surface. 
The advantage to be gained by use of orifices comes from the fact that 
the laws governing flow through orifices are different from those gov- 
erning flow through a parous wall, and they are mare consistent with the 
requirements for transpiration cooling gas-turbine blades over a range 
of pressure levels. The use of orifices far partly metering the cooling 
air also greatly simplifies the blade fabrication. Instead of requiring 
built-in variable wall permeabilities around the blade periphery which 
will provide the proper coolant distribution, the orifices permit the 
use of uniform or other specified permeability variations that simplify 
manufacture. The proper metering is then accomplished by moan a of t he 
orifices . 

As shown in figure 5 of reference 4, transpiration cooling is most 
valuable at very high gas tenperature levels because at those tempera- 
ture conditions, no other known method of air cooling is practical. For 
very high tenperature engines, it will probably be desirable to cruise 
at a lower gas tenperature level to obtain Improved fuel economy. This 
type of engine introduces a problem because the ~hi gher the gas tempera- 
ture level, the more coolant will be required for adequate cooling «nri 
the more permeable the blade wall must be for a specified pressure 
difference across the blade wall. When the turbine-inlet tenperature is 
reduced w hi l e the engine is at cruise conditions, however, excessive 
quantities of coolant will probably be metered through the permeable 
walls of transpiration-cooled turbine blades. 

An analytical method developed at the HACA Lewis laboratory to 
dete rm in e the magnitude, of coolant flow variations for transpiration- 
cooled turbine stator and rotor blades as engine and -ni ght , operating 
conditions are c h anged is presented herein. The analysis is based on 
the turbulent flow equation of Friedman (reference 5) and the flow vari- 
ations with pressure and tenperature that are obtained using typical 
porous materials. In order to illustrate the typical trends obtained 
for changes in flight altitude, flight speed, engine compressor pressure 
ratio, and turbine-inlet tenperature, results of the analysis are shown 
far typical turbine stator and rotor blades for flight altitudes from 
sea level to 50,000 feet, flight Mach numbers from 0 to 1-0, en gine com- 
pressor pressure ratios of 4 and 10, and turbine-inlet temperatures of 
1600° and 2500° F. In addition, methods of design that would minimize 
coolant flow requirements are considered. For all calculations, the 
coolant supply pressure was allowed to vary with en gi n<» or flight condi- 
tions to provide the pressure required for adequate cooling, w-nfl for 
most calculations the blade wall permeability varied around the periphery 
and the coolant tenperature was dependent upon the compression req uir ed 
for the cooling air. 
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CALCULATION PROCEDURE 

In a determination of the effect of altitude and flight conditions 
on transpiration cooling of gas turbine blades, the following quantities 
must be determined: 

(1) The temperature and pressure levels throughout the engine 
including the local static gas temperature . and pressure distributions 
around the stator and rotor blades for typical stator and rotor blade 
configurations . 

(2) The ideal amount of cooling air required, which is defined as 
the amount of air required to cool the blade to an assigned uniform tem- 
perature. These calculations do not require a knowledge of the blade 
permeability. The ideal air requirements are determined by the local 
Reynolds number on the outside blade surface, the gas temperature level, 
and the coo ling -air temperature level. 

(3) The blade permeability necessary to meter the ideal amount of 
cooling air for a given supply pressure and for a given pressure dis- 
tribution on the outside surfaces of the blade. 

(4) The off -design blade temperatures, coolant supply pressures, 
and coolant flow requirements. The blade permeability distribution 
required to meter the ideal amount of cooling air required for a given 
set of engine and flight operating conditions usually will not be the 
proper permeability distribution for any other Bet of engine and flight 
operating conditions. Therefore, for off -design conditions, the blade 
temperature distribution will no longer be uniform, higher coolant supply 
pressures will probably be required, and excess cooling air will be 
required. The quantity of cooling air can be evaluated in terms of the 
gas flow through the engine from calculations based on the blade surface 
and passage areas, the gas temperature, and the velocity a n d pressure 
distributions through the blade passages. 

The equations used for these various calculations are set forth in 
the. following paragraphs. The stations through the engine, indicated by 
the subscripts o through 5, are shown on figure 1. The symbols are 
defined in appendix A. 


Temperature and Pressure Levels through Engine 

The calculation of the temperature and pressure levels through the 
engine is accomplished by standard engine cycle analysis methods. The 
equations and the explanation of their use are given in appendix B. 
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Ideal Cooling-Air Requirements 


The local Ideal coolant flow rates necessary to obtain uniform 
cooling of the blade surface can be calculated using the turbulent flow 
equation of Friedman (reference 5) . The modification of this equation 
far use in this report is given In appendix C and the final equation 
becomes 


Pa T a 



- r + 


T - 4 ? 

B,e a 


71.5(Re B#g ) 0,1 (Pr g ) 2 / 5 


( P BjB 7 EjB T gj B) 

\ ®B,« / 


( 1 ) 


where p a v a , p g ^ B , V g ^ B , T^g* T gjB , and T g ^ e are local values of flow 

density, velocity, and temperature. The coo ling -air supply temperature 
T a is related to the supply pressure by equation (B5) unless an after- 
cooler is used. 

The local cooling -air flow rate per unit area p a v a can be obtained 
from equation (l) and from the values of Tg,g (an assigned value), 
p g>B* V g,B> T g,e* T g,B> wtLicil 0811 calculated as explained in 
appendix B. 


The coolant flow ratio, which Is defined as the ratio of cooling- 
air flow to engine gas flow, can be calculated from 

v a ^ , Pa^a-^a 

V S p g,m v g,mAg,m 


where 


Pa T a 

p g^m v g,m 

■*a 


obtained from equation (1) 



local blade surface area from which local cooling-air 
flow p a v a Is flowing 


Pg,mj Tg, m , Mjg,m 


mean va lu es of static pressure, static temperature, 
and Mach number, respectively, in flow area A_ m 
at any chordwise position of passage between } 
adjacent blades. Values are calculated from stream 
filament theory (references 6 and 7) and by use of 
equations similar to (B9) , (B8) , and (B7) in 
appendix B* 
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Whether the air is metered through only the hlade vail or Is 
metered partly through orifices and partly through the blade vail, the 
ideal coolant flow ratios axe the same; therefore this method of cal- 
culating the ideal coolant flows is applicable to all methods of trans- 
piration cooling. The equations used, however, are for turbulent 
boundary-layer flow, and at the blade leading edge, where the boundary- 
layer flow is probably laminar, it would be more exact to calculate the 
coolant flow rates by the method given in reference 8. Because the 
laminar boundary layer extends over only a small portion of the blade, 
the over-all coolant flow rates will be affected very little if the flow 
is considered to be turbulent over the entire blade. For this reason, 
the effects of laminar flow will be neglected in this report. 


Blade Permeability Calculations 

Blades without metering orifices . - After determination is made of 
the coolant flow required to cool a blade to some specified temperature 
by uBe of equation (l), it is possible to determine the blade permeability 
required to meter that amount of flow for given pressure levels on the 
inside and the outside of the hlade. Unless a device is used to meter the 
air to various portions of the blade coolant passage, the coolant supply 
pressure on the inside of the blade will be constant around the hlade 4 

periphery. On the outside of the blade the local static pressure varies 
around the blade periphery because of variations in the gas velocity over p 

the blade surfaces. The velocity and pressure distributions over the 
outside of the blade surface can be obtained as explained previously. 

It can be seen, then, that because of the constant coolant supply pres- 
sure and the varying pressure on the outside of the blade surface, it is 
necessary that the permeability vary around the blade surface in order 
to meter the coolant properly. 

The relation used for correlating flow through a porous material is 
given in reference 3 as 


p v 
K a a 

%,B 



Pa,B TT a,BJ 


ag 

W 


(3) 


where T a ^ B is the cooling-air temperature inside the blade wall and is 

assumed to be the same as the blade wall temperature T B g , as discussed 
in reference 1. 1,6 

Pa v a 

Since a, g, P, and R are constants, is a function of 

P 2 -P 2 

a _ Sj-Q . in order to correlate the permeability of a material at a 

2 , 


^a,B M,, ®a,B 
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standard temperature, 

a^L ( ^-*** ) 


Ma,B^a,B 
against T a ^ B 
script a,B is 



can "be plotted against 


»*0 


f*a,B 

in table I of reference 9. 
omitted from, p. and T. ) 


and 




are tabulated 


(In reference 9, the sub- 


The permeability of a material can be varied by changing (l) the 
vail thickness T, (2) the material density, or (5) the fabrication 
procedure. Because the fabrication procedure has a significant effect 
on permeability, the permeability correlations must be established 
experimentally far each method of fabrication. The effect of vail thlck- 
ness_for a r given pejpeability is correlated in the express ion 

t\ “ -n 


“0% ( V- p ^B 


<? 



Tg, stream conditions 


-K- \ y — / . Par a coolant temperature 

l*a,B*a,B 

that result in a Reynolds number Reg g; and the blade in a gas stream 
having an effective gas temperature Tg,e* it is first necessary to cal- 
culate the coolant flow rate in order to cool a blade to some tempera- 
ture T B g . Prom this flour rate and the pressures on the inside and the 

outside of the blade, the desired blade permeability can be obtained in 
the following manner i 

(1) Calculate p a v a from equation (1) using p g ^ B from equa- 
tion (BIO) or (B23), Vg b . from equation (Bll) or (B24) , 

Tg,B from equation (B8) or (B2l), and the desired blade 

temperature T-, 

Hq 

(p a v a ) from step (1) and the cooling-air 

Ho 

viscosity ratio . 

. Ha,B 


(2) Calculate 


(3) Using 


»*0 


(PoVo) and figure 2 or a similar curve, for another 

^B 

material, read the value of - 


J A a,B 2l a,B 


ni. 


Js 2 -P e ,B 2 j 


(4) Calculate T (t is a method of specifying permeability for a 

material of a specified density and fabricated by a specified 

process) from step (3), the specified (or available) coolant 

supply pressure p a , the local pressure on the outside of the 

blade p g B from equation (B9) or (B22), and the ratio 
9 

— at temperature T, 

l%,B^a,B 


a,B 


from table I of reference 9 


(T a ^ B is equal to the blade temperature T-g^g) . 
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She method outlined In step (4) was the method used In this ana lysis* 
The permeability curve (fig. 2) -was obtained from reference ID for 
20X250 mesh stainless -steel wire cloth that was brazed ar>d rolled to 
37 -percent thickness reduction* A complete family of permeability curves 
can be obtained by rolling to different thicknesses (which changes the 
material d en sity) or by using different wire meshes* Far porous sintered 
materials, families of curves can be obtained by compacting to various 
d en sities or by various fabrication procedures* An alternative method of 
determining the desired blade wall permeability would therefore be to 
choose same wall thickness T and then to find the material with the 
proper density, or with the proper fabrication procedure, from the family 
of curves* In this case interpolation would probably be required to find 
same intermediate density or fabrication procedure other than tha t for 
which data Eire available* 


If a material has same specified peimeability, the process reverse 
to the procedure just outlined can be used to determine the coolant flow 
rate for specified pressures or else to determine the supply pressure 
p a to obtain some specified coolant flow rate. 

A method frequently used far specifying permeability for porous 
materials is use of the permeability coefficient K which, based on 
Darcy’s law, is given by 

P a 2 -P B 2 IT -i 

Mb,B (Pa^a)] (±) 


where K ■ l/a for p a Va ■ 0* The permeability coefficient K specifies 
the permeability for only one material thickness T* A somewhat more 
general method of specifying permeability is to^eombine the permeability 
coefficient and the material thickness terms in a ™.mpr that actually 
indi cates the quantity of flow through a porous material far given pres- 
sure levels on opposite sides of the wall* In addition, the value of K 
in equation (4) is specified for zero flow, where it was necessary to 
extrapolate experimental data and to determine the slope of a line at 
zero flow* Since this method is subject to error be caus e measurement of 
very low air flowB ;Ls difficult and may be inaccurate because of the 
necessity for extrapolation, the permeability values given herein as 




T 


^ajB ^a,B ^ p a 7 a^ 
^ 


p a ”Pg,B 


(5) 


are for conditions that are more easily obtained, namely, for a pressure 
drop through the material of 10 pounds per square inch discharging to 
KACA standard sea-level conditions* Because of the variation of K’/t 
with air flow, the values specified are not valid for any other set of 
pressure and temperature conditions. 
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The method of calculating K’/t Is as follows : 


(l) Using the value of T as explained previously and using the 
standard conditions specified far the K'/t calculations, 
calculate 


“o^o 

21 

^a,B T a,B 


- (1) ( 55561 2 ; (2U6)i 


(2) Bead the corresponding value of 

^0 


p a v R from figure 2. 


(3) Far standard conditions. 


*%,B 


^a,B 

equals 1 and the use of other 


standard values of temperature, pressures, and viscosity in 
equation (5) gives 


T 


(2) (53-3) (518-4) (3-77X10" 7 ) (p & v a ) 
(3556) 2 - (2116) 2 
2-55 (p a v a ) X 10“ 9 feet 


Blades with metering orifices at base designed far specified pres- 
sure drop through wall . -. For some applications it may he advantageous 
to meter the cooling air to local positions In the coolant passage around 
the blade periphery. In this way the local coolant Bupply pressure can 
be controlled so that the pressure drops across the blade wall are mare 
uniform- A method of accomplishing this metering 1 b to divide the 
coolant passage into sections and then to provide an orifice of such 
size as to meter the air to give the desired pressure drop across the 
orifice, as shown in figure 3- 

If the orifice is in the form of a flow nozzle, the coolant flow 
through the orifice can be expressed as 


Pa v a 



( 6 ) 


where 


coolant supply pressure ahead of orifice 

local coolant supply pressure inside turbine blade 

pressure drop across orifice supplying air to specified position 
on blade periphery 


Pa 

Pa-fcfi 
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Cg constant far each orifice 
■^a 


^ B f2g 


ITTF 


local blade surface area being supplied, by coolant through 
orifice 


A flow nozzle was chosen as the farm of metering orifice for use at 
the blade base because the influence of Reynolds number an the flow rate 
is negligible* Equation (6) is almost exact for Mach numbers in the 
throat of the flow nozzle up tq 0*5, and the error is only 3 percent for 
a throat Mach number of 1*0* For supercritical pressure drops across 
the flow nozzle (hg > 0.472pa), the flow equation can be written in the 
exact form (for y “ 1.4) 


0 « 404 Cm p a 



(6a) 


The constant 0g can be determined bo that the pressure loss 
through the blade wall (pa-hfi) - Pg,B will be same specified amount* 

In order to calculate the blade permeability far this case exactly, the 
same procedure would, be used as outlined on page 7 in the section Blades 
without metering orifices, except that p a -h« would be substituted for 
p a in the calculations. 


Blades with metering orifices at base and designed for constant 
(or specified variation of) permeability around per Iplbery . - On the 
basis of fabrication',' It may be desirable to design blades for a uniform 
permeability or other specified permeability variations that will simplify 
manufacture. The calculations far this case are as follows : 


(l) For an assumed value of T a 

temperature Tg ; g, calculate 


and the design value of the blade 

2n 




^a,B^a,fi 


T 0 ( Pa 2 -Pg,B 2 ) 
T_ * \ T / 


at a 


location on the blade surface near the stagnation point as 
outl i ned in steps (l), (2), and (3) in the section on blade 
permeability calculations for transpiration cooled blades 
without metering orifices (p.7). At this location on the 
blade, no metering orifice will be required. 


far the blade and the 


(2) Using the design or specified value of T 

jj. 2 T 

values of p_ B and - Q — as explained in step (4) on 

11 - -TiHc 


l*a,B ■ L 'a,B 
page 7, calculate the required p a 

2 


h 0 2 t. 


»VB*a,B 




from the value of 
frcm step (l) above. 
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(5) Using the value of p a obtained in step (2) above, and equa- 
tion (B5), determine -whether the assumed value of T a -was 
correct - if not, repeat the procedure as many times as 
necessary. 

At all other locations on the blade an orifice will be required for 
metering the cooling air. The orifice constant Cg, -which, is a function 
of the orifice size, can be calculated as follows: 

(4) Repeat steps (l) and (2) for each other location on the blade, 

except that the value of p a thus found will be defined as 
5a " 

(5) Subtract the value of p a - hg from Btep (4) from the final 

value of p a in step (2) to obtain hg and use the value of 
p a v a also obtained from step (4) to solve for the orifice 

constant Cg from equation (6) or (6a), depending on the 
values of hg and p a . 

The local over-all permeabilities far the blade with orifices in 
the base are nor specified by T and the orifice constant Cg. 


Off -Design Blade Temperatures and Coolant Flow Requirements 

Blades without metering orifices . - In previous sections, methods 
are presented for finding the cooling-air flow rate and blade permeabil- 
ity required in order for the blade to be cooled to some specified tem- 
perature. In the design of transpiration-cooled turbine blades, a set 
of design conditions must be chosen and the h lades must then he fabri- 
cated so that they will cool to the specified temperature level at those 
design conditions. Once the blades are fabricated, the blade permeabil- 
ity is constant and the quantity of coolant that will flow through the 
blade walls is determined by the wall temperature and the pressure levels 
on the inside and outside of the blade walls. The pressure distribution 
around the outside of the blade can vary from, the pressure distribution 
at the design conditions. For blades without metering orifices, how- 
ever, the coolant Bupply pressure does not vary around the blade periph- 
ery, and it is therefore quite likely that the coolant flow will no 
longer he metered 'through the porous wall in such a manner that the 
entire turbine blade will be at a uniform temperature level. The coolant 
supply pressure must be so set that the part of the blade most difficult 
to cool is adequately cooled and this may result in overcooling of other 
portions of the blade. 

The c o m pr ession required to provide the proper coolant supply pres- 
sure will determine the coolant supply temperature. Since the coolant 
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supply temperature has an effect In determining the coolant flow 
required^ -which; in turn; affects the coolant supply pressure; It Is 
necessary that p a and T a he obtained by Iteration using equation (B5) 
and the following procedure: 


( 1 ) 


For an assumed value of T a and the warlimTH permissible value 


of Uate temperature % )g , calculate 


t i a,B 2T a,B 


far each position on the blade surface as outlined in 
steps (l), (2); and (5) (p. 7) in the Beotian on blade per- 
meability calculations far blades without metering orifices. 


(2) Using the design value of T and the values of p g ^ B and 

jp Q — as explained in step (4) on page 7, calculate the 
Ha,B^a,B 

required p a for each selected position on the blade surface. 

(3) Using the maximum value of p a obtained in step (2) above and 

equation (B5 ) , determine whether the assumed value of T & was 
correct - if not, repeat the procedure as many times as 
necessary. 


After dete3rm1.n1.-ng the values of T a and p a far the position on 

the blade that resulted In. the highest value of p a , the local blade 
temperatures at all other positions on the blade must be obtained by 
iteration in the following manner: 


(l) Assume a value of Ts,g and remembering that T a ^ B » Tg g , 

calculate (] |£W) 

%A,s N ' 


(2) Bead 


^,B 


(PaV a ) from figure 2< 


(3) Calculate T B,g by use or equation (l) written in the following 

r(T ff . e -T a ) 


farm: T- 


B,g 


T 0 + 


e® - (1-r) 


Si 


( 7 ) 


where 

m . 71.3-(p a v s ) f — fe g ) (BeB g )°-Vg) 2/3 

\ P g,B , g,B 1 g,B/ 


m 


1 T A.T 
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(4) If assumed and calculated values of Tg^g do not agree, 

Iteration is required until agreement is obtained. The effect 
of 3?s,g an the Reynolds number Eeg^g can he neglected far 
n-man variations in Tg^g. 

After the iteration to determine Tg^g is complete, the final 
value of p Q v a that was used In equation (7) can be used in equation (2) 
to calculate the coolant flow ratio required. 

Blades with metering orifices at base . - The method of calculating 
the coolant supply pressure and temperature, the blade temperature, and 
the required coolant flow for the blade with metering orifices is cam- 
plicated by the fact that in addition to the iteration processes used to 
find p a , T a , and Tg^ g , iteration must also be employed to find the 

pressure drop across the orifice hg. The method of calculation can be 
divided into three parts: (1) the calculation of the coolant supply 

pressure p a and the coolant temperature T a , (2) the calculation of 
the pressure drop across the orifice hg and the local blade tempera- 
ture Tg,g, and (3) the calculation of the coolant flow ratio w a /wg. 

The method of calculation is the same far blades designed far a specified 
pressure drop through the wall or for blades designed far a specified 
permeability variation. 


The method of calculating the coolant supply pressure p a and the 
coolant temperature T a for the portion of the blade that is most 
difficult to cool is as follows: 

(1) Assume a value of coolant supply pressure p a . 

(2) Calculate the coolant temperature T a using the assumed, value 

of p a and equation (B5) . 


(3) Using the ina-virninw permissible blade temperature %,g and the 

coolant temperature T a from step (2), calculate p a v a by 
means of equation (l). 

l P a 2-P ff 

( 4 ) Calculate (Pa^a) rea<3 - 5 V — J from 

Uo A t. N ' 


(4) Calculate (Pa r a) arui read 5 V =“ — j from 

figure 2 as explained in the section on blade permeability 
calculations. Figure 2 is a curve relating the coolant flow 
with the pressure drop through the porous wall; therefore for 
a blade with orifices in the base the ordinate becomes 




-S*.B 


HACA EM E52G01 


14 




(5) T’Vx 4 5 * value of (p a -hg) can "be calculated using the design value 

of T for a blade with orifices. 

(6) Use the value of p a v a that was used in step (4) to Bolve 

equation (6) for hg. 



(7) If (Pa-hg) from step (5) plus hg from step (6) is not equal 

to the assumed value of p a in step (1), iteration is 
required until agreement is obtained. 

(7a) If the value of fag from step (6) is greater than 0.472p a > 

step (7) should be replaced by the following procedure: Cal- 

culate p a v a by use of equation (6a) and check with the 

value used in step (4) • If the two values of p a v a are not 

equal, iteration with p a as the assumed variable is 
required until agreement is r ea c h ed. 

T Tie calculations outlined in steps (l) through (7a) should be made 
at eaeb selected location on the blade surface. The maximum values of 
p a and T a will then be used for calculating the orifice pressure drops 

rmfl local blade temperatures for the rest of the blade. 


The method for calculating the orifice pressure drop and the local 
blade tenperature at all other locations on the blade surface is as 
follows: 


(1) Assume a value of pressure drop through the orifice hg. 

(2) Assume a value of blade temperature TUjg* 


(5) 


Calculate 


a ^T 
^0 0 

Pa^B^a^B 


from figure 2. 



and read 


^0 


( Pa^a) 


(4) Calculate p a v a from step (3) and then calculate hg by use of 
equation (8) . If Jbg from this step is not equal to the 
assumed value in step (l), iteration is required until agree- 

ment is obtained. 
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(4a) When hg is greater than 0.472p a , disregard step (4) and 

instead calculate p a v a by means of equation (6a). If the 

two values of p a v a In steps (3) and (4a) do not agree, 

iteration with hg as the assumed variable is required until 
agreement is obtained. 


(5) Using the value of hg obtained by iteration and remembering 

that f o 

be 

in the same manner as on page 12 in the section for 
transpiration-cooled blades without metering orifices. 

(6) If the calculated value of from, step (5) does not agree 

with the assumed value in step (2), further iteration is 
required for both hg and Tg^ g . 

The coolant flow ratio W^/Wg is calculated by means of equa- 
tion (2) using the value of p a v a obtained in the final iterative cal- 
culation of the blade temperature Tg^ g . 


glades with orifices the ordinate in figure 2 should 
■ — — — ~ J , calculate Tg,g by iteration 


^0 

B x a,B 


Assumed Conditions for Calculations 

For all calculations in this report, the pressure distributions 
around the rotor and stator blades were as shown in figure 4. These 
distributions were obtained from the stream, filament theory of refer- 
ence 6 and, by use of equations (B7) , (B9), and (B13) to (B22) • The dis- 
tributions can be considered as typical for an engine compressor pres- 
sure ratio of 4; however, it must be emphasized that this turbine would 
not be matched to the compressor for all design conditions considered 
herein. The purpose of this report is to illustrate a method of ana- 
lyzing transpiration-cooling requirements and to show some typical 
trends; therefore the actual pressure distributions for each design 
condition are not required. Calculations that were made for an engine 
compressor pressure ratio of 10 would indicate trends that may be obtained 
for only the first stage of a turbine. As a general rule, two or three 
turbine stages are required to drive a compressor with a pressure ratio 
of 10. 


For all calculations, it was assumed that the tuijbine stator con- 
figuration was fixed and that the stator was choked; consequently, the 
mass flow through the engine would vary with turbine-inlet temperature 
and with compressor pressure ratio. The compressor pressure ratio was 
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assumed invariable -with, altitude and flight speed. In actual practice, 
a variation in engine speed would be required to maintain the c omp ressor 
pressure ratio constant. 

The pressure distributions shown for the rotor blade in figure 4 
were calculated for a rotor speed at the mean blade span location of 

1 ° 

1055 feet per second, a stator discharge angle of 22^ from the plane of 

rotation, and a stator discharge Mach number of 1.1. Ho consideration 
was given to radial variations in pressure distribution. The different 
rotor pressure distributions for the two gas temperatures result from 
different b tat or discharge velocities for a constant Mach number. 

The ratio of specific heats was taken as 1.4 for all calculations 
as recommended in reference 11. The Prandtl number was assumed to have 
a constant value of 0*66* Standard KACA temperatures and pressures were 
used for the calculations at the three altitudes of sea level, 

25,000 feet, and 50,000 feet. The assumed values of total pressure 
recovery factor i|r used in equation (B2) for the engine inlet diffuser 
were as follows: 


Flight 

Total 

Mach 

pressure 

number 

recovery 

M 

factor 


* 

0.5 

0-98 

.8 

.965 

1.0 

.95 


For all conditions, the total-pressure drop across the burners was assumed 
to be 3 percent of the total-pressure level at the burner inlet. The 
compressor efficiency was assumed to be 0.85. The local blade tempera- 
ture recovery factor A was taken as 0.89 as recommended in reference 12. 

Local temperatures and coolant flow rates were calculated for four 
representative looations on the stator blade/ namely, 18.5 and 74 percent 
chord on the suction surface and 20 and 81 percent chard an the pressure 
surface. These locations corresponded to 0.05 and 0.20 foot from the 
leading edge on both surfaces. On the rotor blade the pressure distri- 
butions on opposite sides of the blade were more uniform; therefore- cal- 
culations were made for only one location on each surface, namely, 

51 percent chard on the suction surface (0-128 ft from leading edge) and 
45 percent chord on the pressure surface (0*09 ft from leading edge). 

The cooling-air temperature was assumed to be the temperature that would 
result from the compression necessary far the coolant supply pressure, 
except for two cases where cooling -air aftercoolers were considered. An 
infinitely variable pressure ratio was assumed for the cooling-air 
compressor . 
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The variation of flew through the porous vails as the pressures and 
temperatures were varied was determined by means of the correlation plot 
in figure 2, which was obtained from, actual data in reference 10 • 
Extrapolation of the curve (indicated by the dashed portion) was required 
for a few calculations, but the majority of the calculations were in the 
range where experimental data were available* This method of calcula- 
tion using an experimental curve eliminated any errors due to nonlinearity 
of the flow curve. 


Variables Investigated 

A series of calculations were made to determine the effects of 
design altitude, design flight speed, and design gas temperature an the 
.coolant flow requirements at off -design conditions , and to determine how 
en gine compressor pressure ratio, design blade temperature, and after- 
cooling of the cooling air affected over-all transpiration-cooling 
requirements. In addition, consider atlon was given to the incorporation 
of metering orifices at the blade base to partly meter the cooling air 
to various peripheral locations on the blade in an effort to provide a 
blade that (l) is less sensitive to off -design altitude conditions, and 
(2) would be much easier for the manufacturer to fabricate. The conditions 
for these calculations are given in tables I and U and, are discussed in 
the following paragraphs. 

Effect of design altitude on off -design coolant flow and coolant 
compressor pressure ratios . - Coolant flow radios and coolant compressor 
pressure ratios were calculated for altitudes of sea level, 25,000, and 
50,000 feet far an engine with a compressor pressure ratio of 4 and for 
turbine-inlet temperatures of 1600° and 2500° F. All calculations were 
made far a maximum blade temperature of 1000° F and a flight Mach number 
of 1.0 far blades without metering orifices. For a turbine-inlet tem- 
perature of 1600° F, consideration was given to blades designed far each 
of the three altitudes . The ideal coolant flows and coolant pressure 
ratios were calculated far a uniform blade temperature of 1000° F at 
each altitude. These ideal conditions constitute design conditions . 

The off -design coolant flow and coolant pressure ratio requirements were 
then calculated for altitudes from sea level to 50,000 feet for blades 
designed far each of the three altitudes mentioned. For a turbine- inle t 
temperature of 2500° F, similar calculations were made, except that off- 
dssign coolant flows and pressure ratios were calculated for blades 
designed for altitudes of sea level and 50,000 feet only. 

Effect of flight Mach number on off -design coolant flow and coolant 
compressor pressure ratios . - Calculations were made to dete rmine -the 
off -design coolant flow and coolant compressor pressure ratios for flight 
Mach numbers of 0, 0.5, and 0.8 for transpiration-cooled rotor and stator 
blades designed for a flight Mach number of 1.0, an engine with a 
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compressor pressure ratio of 4, a turbine-inlet temperature of 1600° F, 
and blades without metering orifices operating at a maun mum temperature 
of 1000° F. The ideal coolant flow and coolant pressure ratios were 
also calculated for the entire Mach number range* 

Effect of design gas temperature on off-design coolant flow and 
coolant compressor pressure ratios *' - Calculations were made to dete rmin e 
the effects on coolant flow and coolant compressor pressure ratio that 
would he obtained for transpiration- cooled _rotor and stator blades with- 
out metering orifices operating at two turbine-inlet temperatures, 1600° 
and 2500° F* For operation at a turbine-inlet temperature of 1600° F, 
a flight Mach number of 1*0, an engine compressor pressure ratio of 4, 
and a maximum blade temperature of 1000° F, the required coolant flow 
and coolant pressure ratios were calculated for altitudes of sea level, 

25.000 feet, and 50,000 feet for (1) blades designed for an altitude of 

50.000 feet and a turbine-inlet temperature of 1600° F, and (2) blades 
designed far an altitude of 50,000 feet and a turbine-inlet temperature 
of 2500° F. 

Effect of blade design conditions on stator blade temperature dis- 
tribution at off -design conditions . - The peripheral blade temperature 
distributions obtained a-fe off -design conditions were calculated and 
compared for three stator blade designs without metering orifices - The 
comparisons were made for the following engine and flight conditions: 
engine compressor pressure ratio, 4; turbine-inlet temperature, 1600° F; 
maximum blade temperature, 1000° F; flight Mach number, 1.0; and flight 
altitudes of sea level, 25,000 feet, and 50,000 feet. The three blades 
oampared were designed for the following conditions : (a) sea -level alti- 

tude and a turbine-inlet temperature of 1600° F; (b) 50.000 feet of alti- 
tude and a turbine-inlet temperature of 1600° F; and (o) 50,000 feet of 
altitude and a turbine -inlet temperature of 2500° F. 

Effect of metal temperature on rotor and stator coolant flow 
requirement b .' - The coolant flow requirements' f or rotor and stator bladeB 
without metering orifices were calculated for a maximum blade temperature 
of 1000° F for most cases in this analytical investigation because 
limited information is available for porous materials made of anything 
but copper, bronzes, and stainless steel. Stainless steel can withstand 
higher temperatures than copper cr bronze, but the strength of even 
stainless steel is low at temperatures above 1000° to 1100° F- 

For gas turbines that are not transpiration cooled, .the usual prac- 
tice is to allow the stator blades to operate at a higher temperature 
than the rotor blades because the rotor blade stress level is so much 
higher. For all materials considered far transpiration cooling, some 
method of support will probably be required in the rotor blades to relieve 
the stresses in the. parous shell. Even if the porous shell were made of 
wire cloth, which has strength characteristics superior to those of 
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sintered materials , an internal strut would still be required to provide 
the proper "blade profile and rigidity. Because of the elasticity of wire 
cloth it will transfer its load to any member to which it is attached 
with the result that wire cloth will also have to be supported by an 
internal strut. The stresses in the porous metal will therefore be low 
and the stress level in both rotor and stator blades will be of the same 
order of magnitude ; consequently, the ranH im™ permissible temperature 
will be approximately the same for both blades. A differential of 100° F 
is probably about the maximum permissible for currently available porous 
materials. Calculations were made to determine the coolant requirements 
for two stator temperatures, 1000° and 1100° F, to compare with the cool-, 
ant requirements for the rotor at a temperature of 1000° F- The calcu- 
lations were made for an engine compressor pressure ratio of 4, a turbine- 
inlet temperature of 1600° F, a flight Mach number of 1.0, and altitudes 
of sea level, 25,000 feet, and 50,000 feet. The ideal coolant flow ratios 
and the required coolant flow ratios for a design altitude of 50,000 feet 
were calculated. 

At the present time no known porous materials are available that 
will have a reasonable strength at a metal temperature of 1500° F; how- 
ever, it appears feasible that with seme development high- temp erat ure 
materials could, be made into either porous sintered compacts or wire 
cloth. Calculations were therefore made to determine the effect of 
allowing the metal temperature to increase from 1000° to 1500° F on the 
ideal coolant flow requirements far rotor and stator blades for the 
following engi n e and flight conditions: en gine compressor pressure 

ratio, 4; turbine-inlet temperature, 2500° F; flight Mach number, 1.0; 
and altitudes of sea level, 25, OCX) feet, and 50,000 feet. 

Effect of engine compressor pressure ratio on coolant flow . - In 
order to determine whether the coolant flow was “appreciably affected by 
significant changes in the engine compressor pressure ratio, calculations 
were made to find the ideal and required flow rates far rotor stator 
blades without metering orifices and designed for an altitude of 
50,000 feet far engine compressor pressure ratios of 4 anfl io. The cal- 
culations were made for a flight Mach number of 1.0, a maxi Tim™ blade 
temperature of 1000° F, and turbine-inlet temperatures of 1600° and 
2500° F. For an engine compressor pressure ratio of 10, the calculations 
can be considered applicable for only the first stage of the turbine. 

In actual application, two or three stages would probably be required to 
obtain the necessary turbine work to drive a compressor with this 
pressure ratio. 

Effect' of cooling -air aftercoolers on ideal coolant flow require- 
rnents . - For high compressor pressure ratios, the cooling-air temperature 
often becomes so high that the cooling effectiveness is greatly dimin- 
ished. Calculations were therefore made to determine the effects on 
ideal coolant flow ratios of after cooling the cooling air. The calcula- 
tions were made for an engine compressor pressure ratio of 10, a flight 



20 


BACA EM E52G01 


Mach number of 1.0, a turbine -inlet temperature of 2500 6 F, uniform 
rotor and stator blade temperatures of 1000° F, and altitudes of sea 
level, 25,000 feet, and 50,000 feet. Consideration was given to the 
following cases: (l) no cooling-air aftercooling, (2) aftercooling to 

limit the coo ling -air temperature to 700° F (for some altitudes the 
cooling-air temperature would be lower, but never higher) , and (5) after- 
cooling to limit the cooling -air temperature to 300° F. 


Permeability variations around stator blades without metering 
orifices for various design conditions . - Transpiration-cooled turbine 
'blades without metering orifices must have the permeability varied 
around the blade periphery in a specified manner in order to obtain uni- 
form cooling at the design conditions. The permeabilities were calcu- 
lated in terms of 12 K'/t for a pressure drop through the blade wall of 
10 pounds per square inch discharging to BACA standard sea-level condi- 
tions. The units of permeability were converted from feet to inches by 
use of a factor of 12 to be consistent with other investigators . All 
calculations were made for a maximum stator blade temperature of 1000° F 
and a flight Mach number of 1.0. The permeabilities were calculated for 
the following cases: 


(1) Blade designed for sea-level altitude, engine compressor pres- 

sure ratio of 4, and turbine-inlet temperature of 1600° F 

(2) Blade designed for 50,000 foot altitude, engine compressor 

pressure ratio of 4, and turbine -inlet temperature of 1600° F 

(3) Blade designed far 50,000 foot altitude, engine compressor pres- 

sure ratio of 4, and turbine-inlet temperature of 2500° F 

(4) Blade designed for 50,000 foot altitude, engine compressor pres- 

sure ratio of 10, and turbine-inlet temperature of 2500° F 

(5) Blade designed for 50,000 foot altitude, engine compressor pres- 

sure ratio of 10, and turbine -inlet temperature of 1600° F 


Use of orifices at blade base for improving off -design coolant flow 
requirements far blades designed for specified pressure drop through 
wall . - By rearrangement of equaiion (5) it can be shown that for a con- 
stant temperature, in which case changes in viscosity can be neglected, 
the flow of air through a porous material of a specified thickness can 
he represented by 


Pa^a “ f 



( 9 ) 


end from equation (6), the flow of air through an orifice in the form of 
a flow nozzle can be represented by 
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Pa^a " F {*/p&) (10) 

where AP is the pressure drop across the orifice or porous material 
and p is the air density on the discharge side of the orifice or porous 
material. 

Comparison of equations (9) and (10) shows that nhang pc in the pres- 
sure drop and discharge air density have a immh greater effect on the 
quantity of air flow through a parous material than through an orifice; 
therefore partly metering cooling air to local positions on the blade 
through orifices might be better than metering only thr ou gh a parous 
material for blades that must operate over a wide range of altitudes. 

For the calculations made far blades with orifices for partly metering 
the cooling air, it was assumed that a number of small or if ices were 
employed at the base of each blade with each orifice supplying air to a 
separate compartment inside the coolant passage, as i llus trated in fig- 
ure 3. These orifices were of various sizes so that coolant supplied to 
the blade base at a constant supply pressure for the whole blade would 
be metered with varying pressures to the numerous locations around the 
blade periphery. At the leading -edge portion of the blade, metering 
orifices are probably unnecessary. Far the sea-level design condition, 
the orifices were assumed of such size that the pressure drop across the 
porous wall of the blade would be 2 pounds per square inch at all loca- 
tions on the blade periphery. The coolant flow ratios and coolant com- 
pressor pressure ratios were calculated at off -design altitudes for an 
engine compressor pressure ratio of 4, a flight Mach number of 1-0, 
turbine-inlet temperatures of 1600° and 2500® F, and a ma-rimiim blade 
temperature of 1000° F • The coolant flew ratios and coolant compressor 
pressure ratios for the blade with orifices in the blade base for partly 
metering the cooling air were compared with results obtained for blades 
designed for an altitude of 50,000 feet without metering orifices at 
the blade base. 


Effect of constant permeability around periphery of blades utilizing 
orifices At base on off -design coolant flow and coolant compressor pres- 
sure ra-fcio requirements . - The manufacture of transpiration-cooled gas- 
turbine 'blades can be greatly simplified if the wall permeability is 
maintained constant around the blade periphery. The proper distribution 
of cooli n g air for such a blade would be obtained by proper choice of 
the metering orifices in the blade base, in a manner similar to that 
used in designing the blade far specified pressure drop through the wall- 
Calculations were made for a stator blade having a constant permeability 
12 K'/t of 45X10“® inches and for a rotor blade having a constant per- 
meability of 35X10“® inches. The blades were designed for sea-level 
altitude and off -design coolant flows, and coolant compressor pressure 
ratios were calculated for altitudes of 25,000 and 50,000 feet for an 
engine compressor pressure ratio of 4, a flight Mach number of 1.0, a 
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turbine - Inle t temperature of 2500° F, and a maxi mum blade temperature of 
1000° F. The results obtained for these blades were compared with those 
obtained for the blade vlth orifices at the base that was designed for a 
pressure drop of 2 pounds per square Inch through the blade vail. 

Effect of orifices at blade base 011 permeabilities and ternper- 

ature~51strl‘butlon . - The permeability variations required for 
transpiration-cooled blades utilizing orifices in the blade base were 
calculated for a blade designed for sea-level altitude vlth a pressure 
drop through the porous vail of 2 pounds per square Inch. The calcula- 
tions were made for two design turbine-inlet temperatures , 1600° and. 
2500° F, vlth an engine caugxressor pressure ratio of 4, a flight Mach 
number of 1.0, and a design blade temperature of 1000° F. 

Rotor and stator blade temperature distributions were calculated for 
off -design altitudes for the foil ow ing three blade designs: (l) blades 

designed for a pressure drop through the blade vail of 2 pounds per 
square Inch for a turbine- inl et temperature of 1600° F and sea-level 
altitude, (2) blades designed for a pressure drop through the vail of 
2 pounds per square inch for a turbine -inlet temperature of 2500° F and 
sea-level altitude, and (3) blades designed far a uniform permeability 
around the blade periphery, a turbine-inlet temperature of 2500° F, and 
sea-level altitude. All three blades were designed for a flight Mach 
number of 1.0, an engine compressor presure ratio of 4, and a blade 
temperature of 1000° F- 


EESUIZES AND DISCUSSION 

The results of this analytical investigation to determine the effects 
of a number of variables on transpiration cooling of gas-turbine blades, 
using the calculation procedure described herein, are presented in fig- 
ures 5 to 17 and are discussed in the following sections. A summary of 
the coolant flow and coolant compressor pressure ratio requirements for 
all calculations made is given in tables I and II and rotor blade per- 
meabilities are given in table HI. 


Effect of Design Conditions on Coolant-Flow Requirements at 
Off -Design Conditions for Blades without Metering Orifices 

Effect of design altitude . - Figure 5(a) shows the coolant flow and 
coolant pressure ratio requirements far stator and rotor blades designed 
far altitudes of sea level, 25,000 feet, and 50,000 feet for a turbine- 
inlet temperature of 1600° F. The maximum blade temperature was 1000° F, 
the flight Mach number was 1.0, and the engine compressor pressure ratio 
was 4. The dashed lines labeled "Ideal requirements” represent the 
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coolant flow and coolant pressure requirements for blades cooled to a 
uniform temperature of 1000° F. For some conditions the ideal coolant 
pressure requirements could not he indi cated by the dashed lines because 
the ideal curve was almost identical with curves shown for other 
conditions. 

In order to cool the blades to a uniform temperature, a dif ferent 
permeability would be necessary at each altitude. Since in actual prac- 
tice a different blade design cannot be used at each altitude, parts of 
the blade will be overcooled at off -design c ondit ions and the coo ling 
air flow will therefore be more than that ideally required. This effect 
is shown for blades designed at each of the three altitudes. 

Blades designed far sea-level conditions must be less pe rmeab le 
than blades designed far altitude because the pressure levels ere higher. 
As can be seen from, equation (3) , the coolant flow through a porous wall 
Is a function of the difference of the squares of the pressures on 
opposite sides of the blade wall. 'The ideal coolant flow is more nearly 
a function of the first power of the pressure level on the outside of 
the blade. This Is evidenced by the fact that the Ideal coolant flow 
ratio Is not greatly affected hy altitude, as shown in figure 5. As the 
blades designed for sea level are taken to altitude, the coolant supply 
pressure ratio must be increased substantially above the engine com- 
pressor pressure ratio in order to farce enough coolant through the blade 
wall. At 50,000 feet, the coolant compressor pressure ratio far the 
stator blade shown in figure 5(a) would have to be increased from the 
sea-level v a lue of 3.97 to 10-81. Unequal cooling of the turbine blades 
around their periphery plus the fact that the high required coolant 
supply pressure results in a high cooling-air temperature nw.Vp the 
coolant flow exhorb itant for blades designed far sea level that are oper- 
ating at 50,000 feet of altitude. For the blades shown in figure 5(a), 
the combined coolant flow ratio far the* rotor and stator blades at 
50,000 feet Is 0.136 as compared with the Ideally required value of 
0.039 for cooling the blades to a uniform temperature. excess 

coolant flow at 50,000 feet Is about 250 percent. 

When blades designed far a high altitude must operate at a lower 
altitude, the permeability is too great for most of the blade and causes 
excess cooling-air flow, but the coolant supply pressure levels are 
quite low. 

The coolant supply pressures at lower altitudes for rotor blades 
designed for high altitudes are even lower than the Ideal coolant supply 
pressures because for the ideal conditions the coolant supply pressure 
was assumed to be 2 pounds per square inch higher than the pressure at 
any location on the outside surface of the blade. Far blades designed 
far high altitudes, the actual pressure difference is sometimes less 
than 2 pounds per square inch when operating at lower altit ude s. 
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Poor the stator and rotor blades in figure 5(a) designed to cool 
uniformly at an altitude of 50,000 feet, the mayiiwiiTB excess of cooling ' 
air supplied at any other altitude Is less than 60 percent. The results 
In figure 5 indicate that it Is best to design transpiration-cooled 
turbine blades far the highest altitude at vhlch they will operate. 

The effect of altitude on coolant flow requirements Is less severe 
for rotor blades than for stator blades. As discussed previously, 
transpiration-cooled rotor and stator blades will probably have to oper- 
ate at about the same metal temperature. For this condition the rotor 
blade requires less cooling than the stator blade because the total gas 
temperature is lower. For instance, for the configurations investigated 
in this report at a turbine-inlet total temperature of 1600° F, the 
total gas temperature relative to the rotor blades was 1334° F, and at 
a turbine-inlet total temperature of 2500° F, the total gas temperature 
relative to the rotor blades was 2177° F. The sma ll effect of altitude 
on the magnitude of the coolant flow of the rotor blades In figure 5(a) 

Is primarily- due to the very low coolant flow rates. For a turbine- 
inlet temperature of 2500° F, as shown In figure 5(b), and M gh<*r rotor 
coollng-alr requirements, the effect of altitude on the coolant flow 
requireme n ts for blades designed far sea-level operation Is much greater. 
However, there is less variation in the coolant pressure requirements 
for blades designed to operate at a gas temperature of 2500° F than for 
blades designed for 1600° F. The blades designed for a turbine -Inlet 
temperature of 2500° F are made much more permeable to take care of the 
greater quantities of cooling air required, and the mare permeable 
materials do not require such a wide range of pressure variations to 
meter the flow. 

Comparison of figures 5(a) and 5(b) shows that to Increase the 
turbine-inlet temperature from 1600° to 2500° F, or about 900° F above 
current practice, for blades designed for an altitude of 50,000 feet and 
operating at sea level would require an increase in combined coolant flow 
ratio for both rotor and stator blades from 0.056 to 0.142, or about 

2 — times as much coolant would be required at the high temperature as at 
the lower temperature. 

» 

It is shown in figure 5 that designing the blades to cool uniformly 
at the highest altitude considered gives a required cooling-air pressure 
far the rotor blades sufficiently low that cooling air could be bled from 
the engine compressor, which has a pressure ratio of 4. For nearly all 
conditions for the stator blades, however, a boost compressor would be 
required. 

Effect of design flight Mach number . - Figure 6 Bhows the coolant 
flow requirements' for a range of flight Mach numbers from 0 to 1.0 for 
blades designed to cool uniformly at a flight Mach number of 1.0. The 
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I d eal coolant flow requirements are also shown for the range of Mftch 
numbers. The effect of flight speed on coolant flow requirements is 
much less t h a n the effect of altitude and does not constitute a serious 
problem. Except for take-off, most aircraft operate at a relatively' 
constant flight speed so that if the turbine blades are designed for 
operation at design flight speed, only a very small excess of coo lant 
flow will be required at other speeds. For take-off, slightly over 
50 percent excess cooling air may be required for the stator blades, but 
since this operation is only for a short period of time the excess 
cooling-air requirement can probably be tolerated. 

As shown in table I, the coolant compressor pressure ratios required 
over the range of flight Mach numbers vary only slightly. 

Effect of design gas temperature . - For same applications, an engine 
capable of operation at very high gas temperatures may be desirable in 
order t6 obtain very high power output far relatively short periods of 
time* Most operation, however, will probably require cruise at a lower 
gas temperature level. An example of the cooling requirements for such 
a case is shown in figure 7 for operation at a gas temperature of 1600° F, 
a fligh t Mach number of 1.0, an engine compressor pressure ratio of 4, 
and a maximum blade temperature of 1000° F. Curves are presented showing 
the cooling requirements for (l) the ideal case, (2) blades designed to 
obtain uniform cooling at an altitude of 50,000 feet and a turbine-inlet 
temperature of 1600° F, and (3) blades designed to obtain uniform cool- 
ing at an altitude of 50,000 feet and a turbine-inlet temperature of 
2500° Fj all the blades are operating at a turbine-inlet temperature of 
1600° F. A design altitude of 50,000 feet was chosen far both design 
gas temperatures because figure 5 showed that the 50,000 foot design 
resulted in smal ler excesses in cooling air than designs for other alti- 
tudes. As seen in figure 7, when blades are designed for operation at 
a gas temperature of 2500° F, excessive quantities of cooling air are 
used when the gas temperature is reduced to 1600° F. For the rotor and 
stator blades at an altitude of 25,000 feet, the combined coolant flow 
ratio far the blades designed for a turbine-inlet temperature of 2500° F 
was 0-115 when operating at a turbine-inlet temperature of 1600° F, as 
com p ared with a value of 0.052 for blades designed for 1600° F- This 
excess of air is caused by the fact that the blades designed for hi gh 
gaa temperatures must be mare permeable than blades designed for lower 
gas temperatures - The coolant supply pressure must be almost as hi gh at 
low gas temperatures as at high gas temperatures in order that the blade 
leading edges will be adequately cooled (see table I) ; and since the 
blade designed for the high gas temperature is more permeable, excessive 
quantities of coolant will be supplied to the rest of the blade at low 
gas temperatures. There is some reduction in coolant flow as the gas 
temperature is reduced, however, as can be noted by comparing the cooling 
requir e m e nts for the 50,000 foot design in figure 5(b) with the require- 
ments shown in figure 7. The same blade designs were used in both 
figures. 
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So design a blade fox* uniform cooling at a low gas temperature and 
then to operate it at a high gas temperature would probably be impracti- 
cal because of the high coolant supply pressures required to meter an 
adequate amount of air through the less permeable blade at high gas 
temperatures . For this reason, blades designed for uniform coo ling at 
a gas temperature of 1600° F were not considered for operation at a gas 
temperature of 2500° F in this analysis. 


Effect of Design Conditions on Stator Blade Temperature Distribution 

at Off -Design Conditions for Blades without Metering Orifices 

Stator blade temperature distributions for altitudes of sea level, 
25,000 feet, and 50,000 feet are shown in figifre 8 for three blade designs 
operating at a turbine-inlet temperature of 1600° F. In figure 8(a) axe 
shown the temperature distributions far stator blades designed to cool 
uniformly at sea level. At altitudes of 25,000 and 50,000 feet, there 
are temperature variations in excess of 500° F around the blade periph- 
ery. These high temperature gradients axe the result of the excess 
cooling air in these regions. (The cooling-air requirements axe shown 
in figure 5(a) .) 

In figure 8(h) axe shown the temperature distributions for a stator 
blade designed to cool uniformly at an altitude of 50,000 feet. At off- 
design altitudes the temperature gradients are less severe than for the 
blade designed for uniform cooling at sea level. The maximum tempera- 
ture variation was about 250° F for this design. This smaller tempera- 
ture variation follows from figure 5(a), which shows that considerably 
more coolant is required at off -design conditions for blades designed 
for sea level than for blades designed far an altitude of 50,000 feet- 
It Is also of interest that for the blade designed for sea level the 
lowest blade temperatures occur near the leading edge at off -design 
conditions, but for the blade designed for an altitude of 50,000 feet 
the lowest temperatures occur near the trailing edge at off -design 
conditions . 

In figure 8(c) are shown the temperature distributions for a stator 
blade designed for an altitude of 50,000 feet and a turbine-inlet temper- 
ature of 2500° F but operating at a turbine-inlet temperature of 1600° F, 
for which coolant flow ratios are shown in figure 7(a). Figures 8(b) 
unfl 8(c) show that at all locations except the leading edge the temper- 
atures of the blade designed for a turbine-inlet temperature of 2500° P 
axe much cooler than those of the blade designed for a turbine-inlet 
temperature of 1600° F • These temperature distributions further illus- 
trate why the excess cooling air, shown in figure 7(a) , Is required when 
a blade designed for operation at 2500° F Is operated at the lower tem- 
perature of 1600° P. 
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So fax as engine performance Is concerned, the most Important con- 
sideration in transpiration cooling is the quantity of air that must he 
used in cooling, hut the high temperature gradients .that result in blades 
that require excess cooling air at off -design conditions may Introduce 
structural difficulties in the blades due to thermal stresses • Both the 
quantity of excess cooling air required and the temperature gradients 
are therefore i m portant, hut the problems are so related that re duc tion 
of excess cooling air automatically reduces the problems of hi gh temper- 
ature gradients. 


Evaluation of Factors Affecting Coolant Flow Requirements far Specific 
Design Conditions for Blades without Metering Orifices at Base 

Effect of metal temperature on rotor and stator coolant flow 
requirements . - As discussed previously, transpiration-cooled rotor and 
stator blades will probably have to operate at approximately the same 
temperature level. In figure 9 are shown comparisons of rotor and stator 
blade cooling-air requirements far the blades operating at the same tem- 
perature and far the stator blade operating at a temperature 100° F 
higher than the rotor blade. In figure 9(a) are shown the ideal coolant 
flow requirements to obtain uniform blade temperatures. Far a turbine- 
inlet temperature of 1600° F and the rotor and stator blades cooled to 

the same temperature, the stator blade requires from 2 ~ to 5 times as 

much coolant as the rotor blade because the gas temperature level rel- 
ative to the rotor is over 250° F less than it is relative to the stator, 
and the cooling-air temperature is lower far the rotor blade because a 
lower cooling-air pressure is required. Even when the stator tempera- 
ture is allowed to increase to 1100° F, the stator blade requires approx- 
imately twice as much coolant as the rotor blade. 

The actual coolant flow ratios for blades designed to cool uniformly 
at an altitude of 50,000 feet are shown in figure 9(h) . The trends are 
the same as those shown in figure 9(a), except that the difference in 
coolant flow requirements between the rotor and the stator blades is even 
greater. Far instance , at an altitude of 25,000 feet far both blades 
cooled to the same maximum temperature, the stator blade requires a 
coolant flow ratio of 0.039 as compared with 0.013 for the rotor blade. 
For engine designs where stator cooling is necessary, the coolant 
requirements for the stator will probably always be in excess of the 
requirements for the rotor unless improvement of materials or design 
method makes possible a substantial difference in permissible material 
temperature level between 1316 rotor and the stator blades. 

In figure 10 is shown the substantial reduction in ideal coolant 
flow requirements that could be obtained if transpiration-cooled turbine 
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blades could be operated at a metal temperature of 1500° P Instead of 
1000° P. At a turbine-inlet temperature of 2500° F, cooling either 
rotor or stator blades to a temperature of 1000° P requires almost three 
times as much cooling air as cooling them, to a temperature of 1500° P. 

As an example, at sea level the combined coolant flow ratio for the 
rotor and stator blades is 0.102 for a blade metal temperature of 1000° P 
as compared with only 0.035 for a metal temperature of 1500° P. This 
reduction in coolant flow ratio as the permissible blade metal tempera- 
ture is increased stresses the importance of conducting research an 
parous metals made from materials .that have better strength properties 
at high temperatures than those of stainless steels. 

Effect of engine compressor pressure ratio on coolant flow require- 
ments . - Figure ll shows the effect of compressor pressure ratio on the 
coolant flow requirements of the first stage of a turbine for turbine- 
inlet temperatures of 1600° and 2500° P. The coolant flow required far 
a c empress or pressure ratio of 1C is generally higher than that required 
for a pressure ratio of 4 because the added compression raises the 
cooling-air temperature. As noted in table I, however, the cooling-air 
temperature for these calculations was not allowed to exceed 700° F- 
The total cooling-air flows for the turbine of an actual engine with a 
compressor pressure ratio of 10 would probably be about double the values 
shown in figure 11 because for such a high pressure ratio two or three 
stages would he required, and for a turbine-inlet temperature of 2500° F 
all the stages would have to be cooled. 

Effect of cooling -air aftereoolers on ideal coolant flow require- 
ments . - With !high compressor pressure ratios, tlhe cooling-air tempera- 
ture can become so high that the air is no longer effective far cooling. 
This effect is illustrated in figure 12, which shows the ideal cooling- 
air requirements for an engine with a compressor pressure ratio of 10 
and a turhlne-lnlet temperature of 2500° F. The dash-dot line shows the 
ideal cooling-air requirements and the cooling-air temperature for no 
aftercooling of the cooling air. At sea level, where the ambient -air 
temperatures are considerably higher than at altitude, a very high coolant 
flow ratio of 0.105 is required for the stator blade because the cooling- 
air temperature is only 160° F less than the desired blade temperature. 

At sea level, use of an aftercooler to limit the cooling-air temperature 
to 700° P would reduce the coolant flow about 25 percent, and aftercooling 
to reduce the cooling-air temperature to 300° P would reduce the cooling- 
air flow over 50 percent. 

Although advantageous, the effect of after cooling the cooling air 
was less effective for the rotor blades because the cooling-air pressure 
is considerably less for the rotor blade, and therefore the cooling-air 
temperature is also less. If the cooling air had to be bled at the same 
pressure for both the rotor and the stator blades, the rotor blade cool- 
ant flows would be higher than those shown and aftercooling for rotor 
blades would be more beneficial than under the conditions considered 
herein. 
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The coolant flow ratios shown in figure 12 are all ideal values. 

For actual blade designs the cooling-air pressures required at off- 
design conditions become higher so that aftercooling is even more advan- 
tageous (see table I) • In fact, for some conditions aftercooling is 
absolutely necessary because without aftercooling the high pressure 
required far cooling results in high temperatures ; the high temperatures 
in turn result in a need far more cooling air and consequently higher 
pressures until the point is reached where the cooling air temperature 
exceeds .the maximum allowable blade temperature. 

No consideration was given to the method of aftercooling or its 
effect on the over -all aircraft performance in this analysis. After- 
cooling was considered here only to determine its effect an transpiration- 
cooling requirements. 


Blade Permeability Requirements far Various Design Conditions 
for Blades without Metering Orifices 

In order to give the manufacturer of permeable materials an idea of 
the material permeabilities and the peripheral variation in permeability 
required far gas-turbine blades, permeability values are given in fig- 
ure 13 far stator blades designed for five different design conditions. 
The ranges of permeability required far rotor blades for the same five 
design conditions are given in table IH. The permeability is pre- 
sented in terms of 12 K'/t for the reasons given in CALCULATION PRO- 
CEDURE- The number 12 is merely a conversion factor to change the units 
from feet to Inches because in most of the literature the permeability 
coefficient K is In the dimension of square inches. It must also be 
emphasized that the permeabilities presented in figure 13 and in 
table ttt were not calculated for zero air flow as is sometimes done, but 
were calculated for a pressure drop through the wall of 10 pounds per 
square inch discharging to KACA standard sea-level atmospheric condi- 
tions because this value can be more easily measured in a laboratory. 
However, the values given in figure 13 and table HI can be converted to 
permeabilities calculated far zero flow by use of figure 14. The curve 
presented in figure 14 was found to be valid for all five different 
samples tested of brazed and calendered stainless -steel wire cloth in 
references 9 and 10. r T t hft dotted portion of the curve was calculated 
from a single data point that was extrapolated from a permeability curve 
in reference 9; consequently, that portion of the curve requires further 
verification. Actual data were not available far a pressure drop of 
10 pounds per square inch for such a high permeability material. By use 
of figures 13 and 14 and table IH, the permeability ranges that can be 
expected far transpiration-cooled turbine blades can be determined far 
two different types of permeability measurement. 



30 


NACA EM E52G01 


In figure 13(a) is shown the permeability variation required for 
blades designed far sea-level altitude, an engine compressor pressure 
ratio of 4, and a turbine -Inlet temperature of 1600° F. This Is the 
blade design shown to require very high coolant flows and coolant supply 
pressures at off -design conditions In figure 5(a) and therefore deemed 
an unsatisfactory design* The reason for the high coo l ant supply pres- 
sures Is obvious when It Is observed that the blade permeabilities are 
lower for this blade than for any of the others shown In figure 13. 

For example, the blade design for an altitude of 50,000 feet shown In 
figure 13(b), which is the best design shown In figure 5(a), has per- 
meabilities near the trailing edge nearly twice as high as those shown 
for the blade designed for uniform cooling at sea level (fig. 13(a) ) . 

The permeability required at the blade leading edge is approximately theT 
same for both blades operating In an engine with the same compressor 
pressure ratio and the same turblne-lnlet temperature. 

In figures 13(c) to 13(e) are shown the effects of engine compres- 
sor pressure ratio and turblne-lnlet temperature on permeability require- 
ments. The permeability distribution has approximately the same trend 
in all cases; only the values of the permeability vary. Compressor 
pressure ratio has a relatively small effect on the required permeability, 
but a turblne-lnlet temperature of 2500° F requires permeabilities from 
35 to 80 percent higher than those for a blade designed for a turblne- 
lnlet temperature of 1600° F. The higher permeability Is necessary 
because of the higher coolant flows required at higher gas temperatures . 

The maximum ranges of permeability shown in figure 13 and table III 
can be obtained from single thicknesses of brazed and calendered 
2CK200 mesh stainless -steel wire cloth (reference 9) which has been 
reduced from 37 to 42 percent In thickness by rolling. Slightly less 
rolling would be satisfactory If multiple thicknesses of Idle wire cloth 
were used. Previous discussions herein show that improper blade design 
results In highly excessive required coolant flow. This blade design 
was Improper because the blade permeability used was incorrect. On the 
suction surfaces of the blades designed for operation at a gas tempera- 
ture of 1600° F and an engine compressor pressure ratio of 4, the per- 
meability U2 K’/t of the blade designed to cool uniformly at sea level 
(fig. 13(a)) was 3.5X10"® inches and that of the blade designed to cool 
uniformly at an altitude of 50,000 feet (fig. 13(b)) was 7.5X10”® Inches 
at the same location (75 percent chord on the Buction surface). To 
obtain this difference In permeability with 20X200 mesh calendered wire 
cloth would require rolling to 41 percent reduction In thickness for the 
hi gher permeability and to 42 percent for the lower permeability. There 
Is a very great difference in the performance of these two blades, as 
can be observed In figure 5(a) ; yet there is only a very sm all differ- 
ence In the amount of thickness reduction required to obtain the nec- 
essary difference in permeability. These figures emphasize the extreme 
care required In blade fabrication In order to’ provide a permeability 





HACA EM £52001 


51 


variation around transpiration-cooled turbine blades without metering 
orifices that will result in economical expenditures of cooling air. 


Use of Orifices at Blade Base for Improving Off -Design 
Coolant Flow Requirements 

os It la shown In figure 5 that excessive coolant flow ratios are 

n required at off -design altitudes for transpiration-cooled blades without 

metering orifices. The discussion of figure 13 showed that very exact 
control of permeabilities around the periphery of transpiration-cooled 
blades without metering orifices Is required. In the calculation pro- 
cedure, the differ encq between the laws relating flow rate to pressure 
drop through orifices and those relating It to pressure drop through 
porous walls was found to be great, with the result that orifices might 
provide a better means of metering the cooling air to transpiration- 
cooled turbine blades. Consideration was therefore given to 
transpiration-cooled rotor and stator blades with orifices at the blade 
base, as illustrated in figure 3, for two types of blade design: (l) 

blades designed for a specified pressure drop through the porous wall, 
and (2) blades designed for a constant permeability around the periphery. 
The results obtained from calculations to determine the coolant flow 
ratios and coolant compressor pressure ratios for such blades for a 
, range of altitudes are discussed In the following paragraphs. 

Blades designed for specified pressure drop through wall . - In 
figure 15 are shown ~fche coolant flow requirements for blades using mul- 
tiple orifices in the blade base for partial metering, of the cooling 
air. The blades were designed for an altitude of sea level, gas tem- 
peratures of 1600° and 2500° F, and a pressure drop through the blade 
wall of 2 pounds per square inch. For purposes of comparison, the best 
designs for blades without metering orifices are also shown. The use of 
orifices at the blade base gives required and Ideal coollng-alr flews 
that are a lmo st the same for the entire altitude range for a turbine- 
inlet temperature of 1600° F (fig. 15(a)). The maximum difference 
between required w-rifl ideal flows occurs at 25, 000 feet and is less than 
10 percent for both the rotor and the stator blades. The curves repro- 
duced from figure 5(a), which denote the quantity of cooling air required 
for the 50,000 foot design if orifices had not been used in the blade 
base, show the savings In cooling air obtainable by use of multiple 
orifices In the base of each blade. For stator blades designed for an 
altitude of 50,000 feet, at least 50 percent more cooling air is 
required at altitudes of sea level and 25,000 feet than for the blades 
having orifices. 

The coo ling -air supply pressures are also quite low when orifices 
are used far partial metering of the cooling air. In table H it can be 
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seen that the required and Ideal coolant compressor pressure ratios are 
the same for the rotor "blade, and far the stator "blade the pressure 
ratios are even smaller at 25,000 and 50,000 feet than the ideal values 
calculated far a pressure drop through the vail of 2 pounds per square 
Inch. It vlll "be noted, however, that although the engine compressor 
could supply cooling air for the rotor "blades, a boost compressor would 
still be required far the stator blades. This is a condition similar to 
that discussed In connection with figure 5. 

The coolant flows required for blades with orifices In the blade 
base at a gas temperature of 2500° F (fig. 15(b)) are not so close to 
the ideal as they are far blades operating at a gas temperature of 
1600° F; however, there is a marked Improvement over the best design 
that does not utilize orifices far partial metering of the cooling air. 
The maximum excess cooling air required for the blades with orifices is 
about 14 percent for the rotor blade at an altitude of 50,000 feet. 
Although this difference moBt likely is not serious, further Improvement 
could probably be obtained by designing the blades far a higher altitude 
rather than far sea level. 

Blades designed far constant permeability around periphery . - As 
discussed previously, the manufacture of transpiration-cooled turbine 
blades is very greatly simplified If the blades can be built with a con- 
stant, or specified variation of, permeability around the periphery. 

The use of orifices at the blade base for partly metering the cooling 
air m akes this type of blade design possible. The coolant flows required 
for this design at a turbine-inlet temperature of 2500° F are compared 
in figure 16 with the ideal flows and the flows far the blade discussed 
in connection with figure 15(b) that was designed far a specified pres- 
sure drop through the wall. The permeability of the blades will be 
discussed later. 

Except far the stator blade at an altitude of 50,000 feet, the 
coolant flow requirements far the constant permeability blade are even 
lower than those far the blade designed for a specified pressure drop 
through the wall. The maximum excess in coolant flow above the ideal 
values was about 10 percent for the blades over the entire range of 
altitude. It would he fortuitous if the coolant flow far all blades 
designed far constant permeability would always be less than the flow 
for blades designed far a specified pressure drop through the wall. 

These results will depend largely upon the permeability chosen for the 
constant permeability blade; in general, the permeability should he high. 
This point will he discussed later. 

Orifice sizes required . - The size of orifices required far partial 
metering of the coolltng air will depend upon the wall permeability, the 
blade size, and the number of compartments into which the blade is to be 
divided. As a general example of the magnitude of the orifice size, the 
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stator "blades considered in this report with a perimeter of 6-20 inches 
and a span of 3-75 inches for an engi ns c aggressor pressure ratio of 4, 
a flight Mach number of 1-0, a turbine- inlet temperature of 2500° F, and 
the turbine "blade divided into five compartments (one at the leading 
edge and tvo along each side) would require that the smallest orifice on 
the suction surface near the trailing edge have a diameter of approxi- 
mately o. 100 inch. At the leading edge no orifice would "be required 
and the orifices in the other compartments would range to about 
0.150 inch in diameter. 

Effect of orifices at "blade "base on wall permeabilities and periph- 
eral temperature distribution . - The peripheral permeability variations 
far ike three s tabor 'blade designs considered in figures 15 and 16 are 
shown in figure 17- The range of permeability variations for the rotor 
blades is given in table TTT . The use of orifices in the base to meter 
air to local positions around the periphery of blades designed for a 
constant pressure drop through the parous wall and the use of low pres- 
sure drops require higher permeabilities than are required for any other 
type of blade design, as - is shown by comparing figures 13 and 17 • The 
range of permeabilities shown in figure 17 can be obtained with 
20X200 mesh stainless -steel wire cloth for a range of thickness reduc- 
tions from about 30 to 40 percent. The blade design using orifices 
requires the highest permeability on the suction surface of the blade, 
whereas all other designs require the lowest permeability on the suction 
surface of the blade because the pressure level on the outside surface 
of the blades is lowest on the suction surface. "When a low pressure 
drop through the blade wall is obtained by use of orifices for partly 
metering the air, the difference in squares of the pressures on the 
inside and outside of the wall is lower on the suction surface than at 
any other position on the blade; therefore high permeability is required 
in order to pass the air flow. For ordinary blad e s without orifices in 
the blade base, the difference in the squares of the pressures on the 
inside and outside of the wall is higher on the suction surface than at 
any other position, and a low permeability is therefore required to 
meter the air adequately. 

As a general rule the manufacture of materials having a relatively 
high permeability is simpler, and the permeability is more easily con- 
trolled than it is for the manufacture of materials having lower per- 
meabilities; however, the blades designed for a specified pressure drop 
through the blade wall still require a permeability variation around the 
periphery. This variation can be eliminated, as previously discussed, 
by proper choice of the orifice sizes at the blade base. In order to 
insure good cooling performance, a high permeability is required; yet 
the permeability must not be so high that poor distribution is obtained 
along the blade span. The permeabilities arbitrarily chosen far the 
constant permeability blades investigated herein were somewhat higher 
than the mean values of the permeability variations around the blades 
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designed far a constant pressure drop through the blade vail of 2 pounds 
per square inch at sea level. For a turbine-inlet temperature of 2500° F, 
the permeability 12 K'/t vas taken as 45X10-9 inches for the stator 
blades and 35X10-9 inches far the rotor blades. 

The use of orifices far partly metering the cooling air greatly 
reduces the blade temperature varaitlons as veil as the quantity of 
cooling air required at off -design altitudes. Calculations far blades 
designed far a constant pressure drop through the blade vail show that 
the maximum variation in temperature around the blade periphery occurs 
at a gas temperature of 2500° Fj the variation vas 62° F for the stator 
blade and 98° F far the rotor blade. The maximum temperature variation 
far blades designed for a constant permeability around the periphery vas 
53° F for the rotor blade. Far the stator blade, the maximum variation 
vas 54° F except for one case at an altitude of 50,000 feet where the 
pressure surface near the leading edge dropped 350° F below the tempera- 
ture level of the rest of the blade. This singular case could be cor- 
rected by a better choice of permeabilities or by a slightly different 
method of blade design. For the case considered no orifice vas used at 
this location because it vas the blade location that had the highest 
pressure on the outside surface. Without an orifice at this location it 
vas possible to operate at lover coolant supply pressures. Because of the 
flow, variations that can sometimes occur with small pressure changes 
through porous walls, however, as was demonstrated for blades without 
metering orifices, this type of design can be subject to vide temperature 
variations in the portion of the blade where no metering orifice is used. 
It may therefore be wiser to design blades to use metering orifices in 
all locations of the blade, even though the coolant supply pressure 
required would be somewhat higher. Since this difficulty arises at the 
leading edge of the blade only, the effect on coolant flow requirements 
is quite small. If large temperature gradients are considered serious, 
the extra orifice and higher coolant supply pressures would, be advisable . 


Generalization of Results 

The results shown in figures 5 to 17 and in tables I to III are all 
for the specific conditions outlined in the CALCULATION PROCEDURE, but 
practically all the trends shown can be generalized to any engine that 
ViftR turbine stator* and rotor designs that will produce pressure distri- 
butions similar to those shown in figure 4. The method of calculation 
outlined in the CALCULATION PROCEDURE should be applicable to most 
engines. The sensitivity of the coolant flow requirements to the blade 
design necessitates that any wig-tna design that will use transpiration- 
cooled turbine bladeB have the blades designed with consideration given 
to both the engine conditions and the type of flight plan to which it is 
anticipated the engine will be subjected. It vas found, however, that 
blade designs utilizing multiple orifices at the blade base for partly 
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metering the cooling air permitted operation, over a -wider range of flight 
conditions -with less expenditure of cooling air than blade designs not 
using orifices. The results shown in this report indicate the type of 
result that can be expected for other e-ngi and also indicate the great 
advantages of blades utilizing multiple orifices at the blade base both 
from, cooling and fabrication considerations. 


COTCTODUKJ REMARKS 

An analytical method has been developed for evaluating the effects 
of flight speed, flight altitude, engine compressor pressure ratio, and 
turbine-inlet temperature on cooling-air flow and cooling-air supply 
pressure requirements for transpiration-cooled stator and rotor turbine 
blades. 

Transpiration-cooled turbine blades -without metering orifices may 
require excessive quantities of cooling air at off -design conditions 
because of nonuniformity of the blade temperature distributions, but 
prqper choice of design conditions helps to reduce this effect. For 
example, turbine stator and rotor blades designed for a sea-level alti- 
tude and a turbine-inlet temperature of 1600° F would require a combined 
coolant flow ratio of 0-136 at an altitude of 50,000 feet as compared 
with the ideal value of 0.039 (resulting in an excess of about 250 per- 
cent) far cooling the blades to a maximum temperature of 1000° F. On 
the other hand, if the blade had been designed far an altitude of 
50,000 feet, the maximum excess required at any other altitude would be 
about 60 percent. 

Far engines that must operate over a range of gas temperatures from 
1600° to 2500° F, the blades must usually he designed for the higher gas 
temperature, but excessive coolant flows are required at the lower tem- 
perature. Far the design considered, the combined coolant flow ratio 
far rotor and stator blades designed for a turbine-inlet temperature of 
2500° F was as high as 0.115 when the blades were operating at a turbine- 
inlet temperature of 33500° f, as compared with a value of 0-052 far blades 
designed far 1500° F. 

The use of multiple orifices at the blade base for partial metering 
of the cooling air to local chordwise positions on the blade periphery 
can reduce the excess cooling air required at off -design altitude con- 
ditions to a maximum of about 10 percent. At the same time the orifices 
permit the fabrication of blades with a uniform permeability around the 
periphery, which will greatly simplify fabrication. 

For all blade designs considered, the engine compressor can supply- 
air at sufficient pressure far cooling the rotor blades provided they 
are properly designed, but a boost compressor is required for the stator 
blades for most operating conditions . 
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For high engine compressor pressure ratios (of the order of 10 or 
higher) , cooling-air aftercoolers are desirable far most operating con- 
tit ions, and for some conditions they are absolutely necessary. 

The permeability range required far transpiration-cooled gas- 
turbine blades can be obtained freon, single thicknesses of brazed and 
calendered stainless -steel -wire cloth, but extreme care will be required 
in the fabrication of blades without metering orifices in order to 
provide the permeability variations around the blade periphery that will 
result in economical expenditures of cooling air. 

The trends shown in this report can probably be generalized for 
most engines, but the sensitivity of coolant flow requirements to blade 
design necessitates that any en gine design using transpiration-cooled 
turbine blades have the blades designed with consideration given to 
both the engine conditions and the type of flight plan to which it is 
anticipated the engine will be subjected. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APPEEDIX A 
SYMBOLS 

The following symbols are used In this report: 
area, sq ft 

flow coefficient far flow nozzle 
constant 

specific heat at constant pressure, Btu/(lb) ( 0 3?) 

indicate function of 
acceleration due to gravity, ft/sec 

gas-to-surface heat-transfer coefficient for solid surface, 
Btu/C^F) (sq. ft) (sec) 

pressure drop through orifice, lb/sq ft 

permeab ility coefficient, sq. ft, for p a v a ■ 0 ^ ^ 

permeahility coefficient, sq ft,* for p a 2 - p g ^ B 2 “ 3556 s - 2116 2 , 
lb 2 /ft 4 

thermal conductivity, Btu/( a P)(ft)(sec) 

Mach number 


Prandtl number, Cpti/k 
static pressure, lb/sq ft absolute 
total pressure, lb/sq ft absolute 
gas constant, ft-lb/(lb) (°F) 
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Ee g,B 


r 

T 

T' 

V 

v 

v 

X 

a 

P 

r 

8 

n 

A 

n 

p 


Reynolds number with fluid properties based on blade vail 
temperature, PB,g V g,B x /gPB,g 

Reynolds number with fluid properties based on gas temperature, 
P 8,B T 8,B X /®‘g,B 

ratio of velocities in boundary layer (equation (C3) or (C7)) 

static temperature , °R 

o 

total temperature, R . 

velocity, ft/sec 

flow volume per unit area and time, ft/sec 
weight flow rate, lb/sec 
distance from, blade leading edge, ft 
flow coefficient in equation (3), l/(aq ft) 
flow coefficient in equation (3) , l/ft 
ratio of specific heats 

stator discharge angle from, plane of rotation, deg 
compressor adiabatic efficiency 

local temperature recovery factor, assumed equal to 0.89 
absolute viscosity, lb-sec/(sq ft) 
density, lb/(cu ft) 


T thickness , ft 

<P PaV^a/ 2 ' 

+ total -pres sure recovery factor (equation (B2)) 

Subscripts : 


A engine air ... 


a cooling air or surface through which cooling air is passing 


0 


PWgaWHWMi 
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B ‘blade (local conditions) or refers to "blade vail temperature" 1 - 

e effective 

ex exit 

F used vith M to denote flight Mach number 

g combustion gas or gas side- 1 - 

i inlet 

m mean 

n flow nozzle 

0 far reference temperature of 518.4° E 

r rotor 

s stator 

°A>2, stations in engine (see fig. l) 

3,4,5 


^iEhe subscript B,g refers to a local condition based on the blade 
wall t emp erature at the surface next to the gas stream," the subscript 
g,B refers to a local condition in the gas stream Just outside the 
boundary layer around the blade. 
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APPENDIX B 


TEMFERAOTRE AND PRESSURE UEVELS THROUGH ENGINE 


The equations used for calculation of the temperature and pressure 
levels through the engine are standard equations vised for cycle analysis 
and will he listed without detailed explanation. 

Total pressure at engine diffuser Inlet . - 


Pi 


^ % 2 ) 


T .-1 


Total pressure at engine diffuser outlet . 

*>2 " tfPi-Po) + P c 


(Bl) 


(B2) 


Total temperature at engine diffuser outlet . 


T* 

■*■2 


>( 1 + 



(B3) 


Total temperature at compressor discharge . - 


(B4) 

where Pj/Pg counpressor pressure ratio. 

Cooling- air temperature . - In the coolant system, the velocities are 
assumed low enou^h that the velocity head can he neglected. With this 
assumption, the coolant temperature can he calculated from. 
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Total pressure at stator imet . - It Is assumed that there is a 
3-percent pressure loss through the burners; therefore 

p^ m 0.97 p^ (B6) 

Velocity, temperature , and pressure distributions over stator 
blades . - The total temperature at the stator Inlet Tj was "an” assumed 

value. The assumed value of T^., pj_ from, equation (B6), and the 

assumption that the gas flow through the stator blades was choked at the 
throat (M » 1.0) can be used to calculate the velocity distribution 
over the stator blades by means of the stream filament theory of refer- 
ences 6 and 7. With these calculated velocities the Mach number distri- 
bution can be calculated from 


M 


g,B,s 


i 


( V g,B,s)‘ 




(B7) 


Inasmuch as the gas flow through the stator blades is choked, which 
is the normal, operating condition for gas-turbine engines , the Mach number 
distribution will remain constant. These local Mach numbers can then be 
used for calculating local temperatures, pressures, den sities, and veloc- 
icltes for large ranges of stator inlet temperature and, pressure using 
the following equations: 


T gjB,s 




i + li 1 - ' 2 




(B8) 


P g,B,s 


P 


t 

4 



(B9) 
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P 


g,B,s 


^ P S>B,s 


(BIO) 


V g,B,s “ ^,B,sV7ggRT g ,B,e - C B11 ) 

la equation (B9) the ratio Pg,B,s/Pi 18 a of Mach number 

only for a constant value of r g , and since the Mach number distribution 

remains constant far choked, flow through the stator blades the distri- 
bution of PgjB,s/l?4 also remains constant and can be plotted as shown 

in figure 4(a) for a typical stator blade configuration. 


The local effective gas temperature of the stator blades is 

T g,e,s . n(l - (1-A) [I -] ) 

l L 1+-V 


(B12) 


Velocity, temperature, and pressure distributions over rotor 
blades . - The total temperature and pressure of the gas relative to the 
rotor blades are considerably reduced from the values relative to the 
stator blade because of the rotation of the rotor. The gas static tem- 
perature at the stator exit and the rototr inlet is the same; therefore 


*1 


Tg-l . 

1 + ”2 fag, 


s ,ex' 


(B13) 


where the Mach number at the stator exit Mg^ s ^ ex is determined by the 

turbine design and will be considered constant for choked flow through 
the stator. 


The velocity at the stator exit is 


^g,s,ex “ ^ # s,exVTg£^5 (B14) 

With the use of vectors, the velooity relative to the rotor at the rotor 
inlet is found to be 


Vg,r,i * V 7 * 2 + < V g,B,ex> 2 ' CT r T g,B,ex 8 
where V r is the tangential velocity of the rotor blades. ' 


(B15) 
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J 

Die Mach number relative to the rotor at the rotor inlet is 


“g,r,i 


Vr-ggRTg 


(B16) 


The total temperature relative to the rotor at the rotor inlet is 

- I 5 [l + ^ (Mg, r ,i)2j (B17) 

The total pressure relative to the rotor at the rotor inlet is cal- 
culated in a manner similar to that in which the total temperature rela- 
tive to the rotor was calculated. The static pressures at the stator 
exit and at the rotor inlet are the same 



(B18) 


Die total pressure relative to the rotor is then calculated frcm the 
static pressure given by equation (B18) and the rotor inlet Mach number 
given by equation (B16) 


P 5 





i) 


2 ] 


V 1 


(B19) 


, The velocity distribution over the turbine rotor blades can be cal- 
culated by the' stream filament theory of references 6 and 7 similar to 
the method used for stator blades, except that the flow rate is determined 
by the flow through the stator blades. The total temperature T£ and 

the total pressure p£ are obtained from equations (B17) and (B19 ) , 
respectively. Thje Mach number distribution can be calculated from 




TggRT^ r g -i 

(y ^ 

'' V g,B,r ; 


(B20) 
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In this report the Mach mimher distribution around the rotor blades 
Is assumed to remain constant for choked flow In the stator (effect of 
angle of attach neglected) . Hie local values of gas temperature, pres- 
sure, density, and velocity for large ranges of rotor-inlet temperatures 
and pressures can be calculated In a manner similar to that used for the 
stator blades : 


6/B,r 


T 5 

* ^ ¥ <Mg,B,r > 2 


(B21) 


p S/B,r 



P g/B,r 


P E»B>r 

I ®g,B,r 


(B22) 


(B23) 


V g,B,r " M g,B,rVT , g aKPg,B,r 


(B24) 


Observation of equations (B13) to (B22) leads to a relation of the local 
pressures around the rotor blade Pg ; B,r to the pressure ahead of the 

stator pj. as a function of the local Mach numbers around the rotor 
blade Mg^ r and as a function of the turbine-inlet total temperature 
when the Mach number at the exit of the stator Mg #a ,ex * s a con " 
a tent. The distribution of P g> B,r/.P4 can therefore be plotted as 
shown in figure 4(b) for various turbine-inlet temperatures. 


The local effective gas temperature at the rotor blades is 


*g,e,r » 1 “ (l-A) 


1 - 


t 1 
2 


1 + (Mg,s,r) 



(B25) 
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■AP PEND IX C 


MODIFICATION QF TOEBULMT FLOW EQUATION CF FRIEDMAN 

The local Ideal coplant flow rates necessary to obtain uniform, cool- 
ing of the blade surface can be calculated from the turbulent flow equa- 
tion of Friedman (reference 5) . In the nomenclature of the present 
report the equation is 


iJk 


^g,e " ^a e 1 ^ + r - 1 


(Cl) 


In reference 1 the values of <p and r are given as 


. * l/5, .2/3 


a a 


0.0296 


p g,B V g,B 


(C2) 


and 


2.11 


gjB ,0.1 

(iteg^) 


(C3) 


The effect of temperature level an the Prandtl number is small so 
that a mean value of Prandtl number can be used for all cases. 

If the density and viscosity in idle Reynolds number are based on 
blade wall temperature in order to better correlate heat-transfer data 
over a large range of ®B,g/^g,B ( Bee references 2 and 13), equation (C2) 

takes the form 


<=P 


B,g 




Pa T a 


0.0296 


?B,g V g,B 


(04) 


where 
defined as 


is the local gas density based on wall temperature and. 


Pb, 


g 


l&L 


g 


(C5) 
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Equation (C4) can also be vritten 


. ,l/5, .2/3 

(ReB jg ) (Fr g ) p a v a % fg 

0.0296 p g,B V g,B T g,B 


The magnitude of the Reynolds number has a very small effect on the 
value of r (equation (C3)) because of the w*nw.n exponent; therefore it 
should be permissible to define 

r B ~ 1 5 - T (C7) 

Equations (Cl), (C6), and (C7) can be combined and vritten as 


In 1 - r + 


*B,g “ T a 


p a v a 


L . T g,e ~ g aJ / p g,B v g,B T g,B \ 
.3(Re B#g )°* 1 (Pr g ) 2 / 3 \ ^Bfg / 
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CCBXOnCBB TOR BLAEBB WjJUUlfl! JOTK8XSD CKETDCK - Coaolnled 


IjkOBoa otherwise- noted, coaling -sir temperature wi at coolant eaqpreoeor discharge temperature, coolant 
ni supplied, to complete blade periphery at constant pressure without Met eri ng, mil -finM blade tem- 
p er at ur e was 1000 s TJ 


night, and engine conditions 
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TABLE III - PERMEABILITY RABIES REQUIRED RGB ROTCR BLADES F® VARIOUS EBBBDf CQBDIXIOHB 


[>faxlnum blade temperature 1000° F and flight Mach number of 1.0; 
permeabilities calculated fear pressure drop through vail of 
ID Ib/sq In. discharging to RADA standard sea-lerrel atmosphere^ 


Blade design conditions 

Range of permeabilities 
around blade periphery 1 
12 K'/t 
( in.) 

Remarks 

• 

Altitude 

(ft) 

Engine 

compressor 

pressure 

ratio 

TUrblne 

inlet 

temper- 

ature 

(ov\ 

\ / 

0 

4 

1600 

5.07 to 5.199a0" 9 


50,000 

4 

1600 

8.40 to 10. 20X10- 9 

1 

50,000 

4 

2500 

16.45 to 19.24jfl.0~ 9 

VCransplrat ion- cooled blades without orifices 

50,000 

10 

2500 

15.85 to 18.05>flQ _9 

f at base 

50,000 

10 

1600 

6.64 to 9.20jfl0" y 

J 





Transpiration-cooled blades with orifices at 

0 

4 

1600 

14.10 to 17.93W.0~ 9 

base for partially metering cooling air and 

0 

4 

2500 

51.80 to SS.SQjflO" 9 

designed far 2 lb/eq In. pressure drop 





through wall 





Constant permeability blade with metering 

0 

4 

2500 

35>fl0 9 

orifices at base far partially matering 





coaling air 


■HPhis range does not .include a small area directly at the blade leading edge where, for blades without 
metering orifices at the base, permeabilities 50 to IDO percent higher than those specified In this 
table would be desirable. 
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Plgure 5 = - Sketch of striifc-Bimpgrted. transpiration-cooled turbine blade 
"utilizing multiple orifices at blade base for partial metering of co olin g 
air. 
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Figure 6. - Effect of design flight Mach number on coolant flow- 
requirements at other Maoh numbers . Maximum blade temperature, 
1000° Fj altitude, sea-level j engine compressor pressure ratio, 
4} turbine-inlet temperature, 1600° F. 




Figure 7. - Effect of design gas temperature on coolant flow require- 
ments for blades operating at turbine-inlet temperature of 1600° F. 
Maximum blade temperature, 1000° F) flight Mach number, 1.0) engine 
compressor pressure ratio, 4) blades designed for altitude of 
50,000 feet. 
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(a) Blade designed for sea-level altitude and, turbine 
Inlet temperature of 1600°. 7. 
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(b) Blade designed for altitude of 50,000 feet and turbine 
Inlet temperature of 1600° 7. 
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(c) 'Rinda designed for altitude of 50,000 feet and turbine- 
inlet temperature of 2500° 7. 

Figure 8. - Effect of blade design on off -design temperature 
distributions for stator blades ■without metering orifices. 
Flight Mach, number, 1.0; engine compressor pressure ratio, 
4; turbine -inlet temperature, 1600° 7. 
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(a) Ideal cool art flow require- 
ments for uniform blade temp- 
erature . 


(b) Coolant flow requirements 

for blades designed for alti- 
tude of 50,000 feet. 


Figure 9. - Comparison of rotor and stator blade coolant flow requirements 
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Figure 10. - Effect of blade metal temperature on Ideal coolant flow 
requirements . Turbine-Inlet temperature, 2500° F; flight Maoh 
number, 1.0; engine compressor pressure ratio, 4. 
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(a) Turbine-inlet temperature , 1600° F. 
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(b) Turbine -inlet temperature, 2500° F. 

Figure 11. - Effect of engine compressor pressure ratio on coolant 
flow requirements. Maximum blade temperature, 1000° Fj flight 
Mach number, l.Oj blades designed for altitude of 50,000 feet. 
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(b) Blade designed for 50,000 feet of altitude, engine com- 
pressor pressure ratio of 4, and turbine -inlet tengiera- 
ture of 1600° F. 


Figure 13. - Permeability variations around stator blades without 
metering orifices for various design conditions. Maximum, blade 
temperature, 1000° F; flight Mach number, 1.0. Permeabilities 
calculated for pressure drop through wall of 10 pounds per 
square Inch discharging to MCA standard sea-level conditions. 
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ture of 2500° F. 
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(e) Blade designed far 50,000 feet of altitude, engine com- 
pressor pressure ratio of 10, and turbine-inlet tempera- 
ture of 1600° F. 

Figure 13. - Concluded. Permeability variations around stator blades 
-without metering orifices for various design conditions. Maximum 
TV! ad e temperature, 1000° F; flight Mach number, 1.0. Permeabilities 
calculated for pressure drop through wall of 10 pounds per square 
inch, discharging to BACA, standard sea-level conditions. 
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Figure 14. - Curve for conversion of permeabilities calculated for zero 
flew and permeabilities calculated for pressure drop through vail of 
10 pounds per square inch discharging to BACA standard sea-level atmos 
phere. Data obtained for brassed and calendered stainless -steel vlre 
neshes In references 9 and 10. 
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Figure 16. - Cojuparisan of coolant flow requirements for two types of 
transpiration cooled blade with orifices at blade base. Turbine- 
inlet temperature, 2500° ?; marTmran blade tenperature, 1000° 7 ) 
flight Mach number, 1.0 ; engine compressor pressure ratio, 4. 
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Figure 17. - Permeability variations around three stator blade 
designs utilizing metering orifices at blade base. Blades 
designed far sea- level altitude , blade temperature of 1000° 7, 
engine compressor pressure ratio of 4, and flight Mach number 
of 1.0. Permeabilities calculated for pressure drop through 
vail of 10 pounds per square inch discharging to HA.CA standard 
sea-level conditions. 
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